MicroRNAs (miRNAs) are 18-to 24-nt RNA molecules that regulate messenger RNAs (mRNAs). Posttranscriptional mechanisms regulate miRNA abundance during development as well as in cancer cells where miRNAs frequently exhibit dysregulated expression. The molecular mechanisms that govern the global efficiency of miRNA biogenesis in these settings remain incompletely understood, and experimental systems for the biochemical dissection of these pathways are currently lacking. Here, we demonstrate that miRNAs are subject to dynamic posttranscriptional regulation in widely used cell culture systems. As diverse mammalian and Drosophila cell lines are grown to increasing density, miRNA biogenesis is globally activated, leading to elevated mature miRNA levels and stronger repression of target constructs. This broad increase in miRNA abundance is associated with enhanced processing of miRNAs by Drosha and more efficient formation of RNA-induced silencing complexes. These findings uncover a critical parameter necessary for accurate analysis of miRNAs in cell culture settings, establish a tractable system for the study of regulated miRNA biogenesis, and may provide insight into mechanisms that influence miRNA expression in physiologic and pathophysiologic states.
M
icroRNAs (miRNAs) are a diverse class of 18-to 24-nt RNA molecules that broadly impact cellular gene expression programs by regulating the stability and translational efficiency of messenger RNAs (mRNAs) (1, 2) . miRNAs are first transcribed by RNA polymerase II as long primary transcripts (pri-miRNAs) that are capped, polyadenylated, and frequently spliced (3) . Within these transcripts, sequences containing the miRNA form Ϸ60-to 80-nt hairpin structures that are excised by the Drosha-DGCR8 complex and transported out of the nucleus by exportin 5. In the cytoplasm, these hairpin structures, known as pre-miRNAs, undergo further processing by the Dicer-TRBP complex to produce a fully processed RNA duplex. One strand of this duplex, destined to become the mature miRNA, selectively associates with a member of the Argonaute (Ago) family of proteins. The miRNA, Ago protein, and additional associated proteins, collectively referred to as the RNA-induced silencing complex (RISC), interact with target mRNAs that are subsequently translationally repressed or degraded (4) .
In animals, miRNAs provide functions essential for normal development and cellular homeostasis, and accordingly, their dysfunction has been linked to several human diseases (5, 6) . A large fraction of miRNAs exhibit strict developmental stagespecific and tissue-specific expression patterns that are critical for their appropriate activity (7, 8) . Although control of miRNA transcription plays an important role in shaping these expression patterns (9, 10) , recent data have uncovered a significant role for posttranscriptional mechanisms of miRNA regulation. For example, in embryonic stem cells and during early mammalian development, the Lin-28 RNA-binding protein inhibits biogenesis of the let-7 family of miRNAs by binding to the loop regions of these pre-miRNAs (11) (12) (13) (14) (15) . Nuclear sequestration of premiR-31 prevents its processing by Dicer in several human cancer cell lines (16) whereas pre-miR-138 is exported to the cytoplasm but its cleavage by Dicer is inhibited by an unidentified factor in a variety of mouse tissues (17) . In addition to these miRNAspecific mechanisms, the global efficiency of miRNA biogenesis is subject to regulation in some settings. For instance, during early development, inefficient maturation prevents the conversion of many abundant pri-miRNAs into mature miRNAs (18) . Similarly, in many human cancers, reduced processing contributes to widespread down-regulation of miRNA expression (18) (19) (20) . This inefficient processing of miRNAs in cancer cells has been demonstrated to promote tumorigenesis in both in vitro and in vivo models (21) . The molecular mechanisms that control the global efficiency of miRNA biogenesis in these settings remain uncharacterized, and tractable experimental systems for the biochemical dissection of miRNA processing complexes under these conditions are currently lacking.
In this study, we set out to investigate the role of miRNAs in contact inhibition, the potent arrest of cellular proliferation that occurs after cell-cell contact. Unexpectedly, in both nontransformed cell lines that exhibit contact inhibition and in cancer cell lines that continue proliferating after contact, we observed up-regulation of the majority of expressed miRNAs as cells were grown to increasing density. This broad increase in miRNA abundance is associated with globally enhanced processing of miRNA primary transcripts by the Drosha endonuclease and more efficient incorporation of miRNAs into RISC. These findings reveal a previously unidentified link between cell-cell contact and miRNA expression, establishing a tractable system to study the global regulation of miRNA biogenesis and providing insight into mechanisms that shape miRNA expression patterns during development and in disease.
Results
Widespread Increase in miRNA Aundance with Increasing Cell Density.
Loss of contact inhibition is a hallmark of cancer cells (22) . To investigate whether specific miRNAs participate in this response, we profiled miRNA expression in subconfluent and confluent cultures of primary human fibroblasts and immortalized murine fibroblasts (NIH 3T3 cells), cell lines that undergo a wellcharacterized proliferation arrest upon cell-cell contact (23) . As a control, we also examined miRNA expression under identical conditions in HeLa cells, a cancer cell line that does not exhibit contact inhibition (24) . Unexpectedly, in all 3 cell lines, we observed a widespread increase in miRNA abundance in confluent cultures. The majority of expressed miRNAs were induced at confluence in fibroblasts and NIH 3T3 cells (1.25-fold to Ͼ10-fold), and nearly half of expressed miRNAs in HeLa cells responded in a similar manner [ Fig. 1A and supporting information (SI) Tables S1-S3]. In contrast, the expression of very few miRNAs decreased in confluent cells.
To validate these findings, cells were grown to increasing density, with daily media replenishment to avoid confounding effects from depletion of nutrients, and miRNA abundance was examined by Northern blot analysis. These results closely paralleled the array data, with 11 of 13 examined miRNAs exhibiting a 1.5-to 8-fold induction (4.5-fold mean increase) in HeLa cultures grown to increasing density (Fig. 1B) . Importantly, the abundance of U6 snRNA, 5S rRNA, and 5.8S rRNA was unchanged with increasing confluency, indicating that RNA isolated from high-density cultures was not artifactually overloaded. Similar results were obtained with a more limited set of miRNAs in primary fibroblasts and NIH 3T3 cells (Fig. S1 A) . Increased miRNA levels could also be induced rapidly by plating cells at escalating density and harvesting within 24 h (Fig. 1C) . Notably, in many cases where pre-miRNAs were detectable by Northern blot analysis, they exhibited higher abundance with increasing cell density as well (Fig. S1B) .
To assess whether miRNAs that accumulate in high-density cultures are actively incorporated into the RISC, we constructed reporter constructs with multiple sites of complete or partial complementarity to miR-15a or miR-143 in the 3Ј UTR of luciferase. Greater repression of luciferase activity was observed when each construct was introduced into confluent cultures compared with subconfluent cultures (Fig. 1D) , demonstrating that the accumulating miRNAs are functionally active.
miRNA Abundance Is Linked to Cell Density in Diverse Mammalian and Drosophila Cell Lines. The observation that primary fibroblasts, NIH 3T3, and HeLa cells grown to increasing density all exhibit widespread miRNA up-regulation despite their diverse ontogeny and differential ability to undergo contact inhibition suggests that this may be a widespread phenomenon. We therefore examined miRNA expression in subconfluent and confluent cultures of 5 additional commonly used human and mouse cell lines with diverse tissues of origin (MCF7, human breast carcinoma; HCT116, human colorectal carcinoma; MiaPaCa-2, human pancreatic adenocarcinoma; Hepa1-6, mouse hepatocellular carcinoma; and HEK293, human embryonic kidney). Increased abundance of miRNAs at confluence was observed for all tested cell lines with the exception of HEK293, in which only 2 of 5 miRNAs tested showed Ͼ1.5-fold up-regulation under these conditions ( Fig. 2 A and B) . To determine whether this phenomenon is restricted to mammalian cells, we cultured Drosophila S2R ϩ cells, which have been widely used for miRNA studies. As observed for human and mouse cell lines, a dramatic increase in the abundance of both pre-miRNAs and mature miRNAs was observed with increasing cell density (Fig.  2C ). These data document that miRNA abundance is linked to cell density in widespread animal cell lines and is an ancient response, likely present in a common ancestor of mammals and insects.
Establishment of Stable Cell-Cell Contacts Likely Triggers the Increase in miRNA Abundance. The observed up-regulation of miRNAs could be triggered by one of several possible events occurring when cells are grown to increasing density. These include reduced proliferation or quiescence of cells in confluent monolayers, release of diffusible factors that initiate the response, or establishment of stable cell-cell contacts. Several experiments were performed to distinguish between these possibilities. First, we assessed whether miRNA abundance correlates with proliferation rate or cellular quiescence. HeLa cells were monitored over a prolonged time course, beginning before and extending several days beyond confluence. Increased miRNA levels were observed shortly after cells reached confluence despite no measurable slowing of proliferation (Fig. 3A) . Additionally, we documented that miRNAs are not increased in subconfluent primary fibroblasts and NIH 3T3 cells arrested by serum starvation (Fig. 3B ). These observations indicate that global miRNA induction does not occur as a consequence of reduced cellular proliferation or cellular quiescence. This response is also unlikely to be induced by diffusible factors released in high-density cell cultures because subconfluent HeLa cells grown for 24 h in media conditioned by confluent cells did not exhibit increased miRNA levels (Fig. 3C ). Together, these findings are most consistent with the establishment of cell-cell contacts as the initiating event that induces the global increase in miRNA abundance. A prediction of this model is that suspension cells that do not establish extensive stable cell-cell interactions will not show increased miRNA levels upon growth to high density.
Indeed, culture of the Ramos lymphoma cell line and the K562 leukemia cell line at increasing density does not significantly influence miRNA abundance (Fig. 3D ).
Accumulation of miRNAs with Increasing Cell Density Occurs Through
a Posttranscriptional Mechanism. Biogenesis of animal miRNAs initiates with transcription by RNA polymerase II, proceeds through 2 sequential processing events by the RNase III endonucleases Drosha and Dicer, and concludes with final loading of the mature miRNA into an Ago protein within RISC (3). To address whether accumulation of miRNAs is the result of an increase in transcription, we used quantitative PCR (qPCR) to measure the abundance of an extensive panel of primary transcripts that encode miRNAs that are robustly induced with increasing cell density (Figs. 1B and 4A). The levels of 9 of 10 primary transcripts were either unchanged or reduced with increasing confluency in HeLa cells. The sole exception was the primary transcript encoding miR-34a, which was dramatically up-regulated upon confluence, perhaps reflecting the known role of this miRNA in cellular senescence programs (25) . Similar results were obtained in primary fibroblasts with 7 of 8 primary miRNA transcripts showing unchanged or decreased abundance at confluence (Fig. S2 ). These results indicate that miRNA primary transcript levels are not globally affected by cell density, pointing to a posttranscriptional mechanism underlying the increase in miRNA abundance under these conditions. Maturation of specific miRNAs has been demonstrated to be subject to regulation at the Dicer or Drosha processing steps (11, 12, 17, 26) . We first evaluated these steps in miRNA biogenesis to assess their relative efficiencies in subconfluent and confluent cultures. The accumulation of both pre-miRNAs and mature miRNAs with increasing cell density (Fig. S1B) suggests that an increase in Dicer processing efficiency cannot account for the observed miRNA induction because this would be expected to increase mature miRNA abundance while decreasing pre-miRNA abundance. Furthermore, cells with impaired Dicer activity (27) exhibit prominent pre-miRNA accumulation with increasing confluency, demonstrating that the underlying mechanism is distinct from pre-miRNA processing (Fig. S3A) . In vitro processing of a synthetic pre-miRNA confirms that extracts from confluent HeLa cells do not exhibit increased Dicer activity (Fig. S3B) .
Next, we assessed whether the efficiency of Drosha processing is influenced by cell density. Four distinct in vitro-transcribed primary miRNA transcripts (miR-17, miR-21, miR-26a-2, and miR-29b-1) were incubated in extracts from subconfluent and confluent HeLa cells ( Fig. 4B and Fig. S4 ). More efficient production of premiRNAs was consistently observed from all tested substrates in multiple independently derived extracts from confluent cells, indicating a general increase in Drosha processing efficiency. This was not because of higher expression of Drosha or its essential accessory factor DGCR8 in confluent cells, as demonstrated by Western blot analysis (Fig. S5A ). These data demonstrate that increased Drosha processing activity contributes to the global increase in miRNA abundance that occurs with increasing cell density.
Although regulation of RISC formation or miRNA turnover has not previously been observed, we also considered the possibility that the kinetics of these aspects of miRNA biogenesis and metabolism are altered after cell-cell contact. To assess these processes, HeLa cells were transfected with a synthetic pre-miR-1 RNA oligonucleotide or an siRNA duplex targeting luciferase (si-Luc) and then plated at high or low density. Maturation of the pre-miR-1 oligo bypasses all steps upstream of Dicer processing, whereas si-Luc bypasses all steps upstream of RISC loading. Interestingly, both mature miR-1 and si-Luc exhibited higher abundance in confluent cultures (see total input lanes in Fig. 4C ). These findings suggest that the final step in miRNA maturation, RISC formation, is enhanced, or miRNA turnover is reduced in cells grown to high density. Time-course studies after transfection of pre-miR-1 revealed no difference in the decay rate of mature miR-1 in subconfluent and confluent cells (Fig. S6) . In contrast, immunoprecipitation experiments with HA-tagged Ago1 or Ago2 revealed greater incorporation of mature miR-1 into RISC in confluent cultures (Fig. 4C) . Immunoprecipitation experiments with si-Luc similarly revealed greater incorporation of this siRNA into RISC at high cell density (Fig. 4C) . These findings reveal an increase in the efficiency of RISC formation in confluent cells, identifying an additional regulated step in miRNA biogenesis that likely contributes to the increase in miRNA abundance after cell contact. Western blot analysis ruled out the possibility that this effect is due simply to increased abundance of Ago proteins, TRBP, or Exportin-5, factors that could potentially influence the kinetics of RISC formation (Fig. S5B) .
Discussion
We have demonstrated that in diverse animal cell lines, the global efficiency of miRNA biogenesis is intimately linked to cell density. These findings reveal that careful monitoring of cellular confluency is critical for accurate analysis of miRNA expression and function in widely used cell culture systems and uncover an important caveat in the interpretation of earlier studies that did not closely monitor this parameter. Furthermore, these results provide insight into the cellular mechanisms that broadly influence miRNA expression patterns. For example, it is well documented that global miRNA abundance is generally higher in tissues compared with cell lines (19, 20) . The widespread increase in miRNA abundance at high cell density likely contributes to this effect as both cells in tissues and confluent cells in culture elaborate extensive cell-cell contacts.
Our mechanistic studies have identified 2 posttranscriptional control points that link miRNA abundance to cell density. First, we find that Drosha processing efficiency is increased in confluent cells. Second, we show enhanced RISC formation under these conditions. Although the regulation of Drosha activity in other settings has been documented (11, 12, 14, 26) , regulated RISC formation has not previously been observed. These findings are particularly interesting in light of accumulating evidence supporting a critical role for posttranscriptional mechanisms in the appropriate regulation of miRNA expression in normal physiologic states as well as in diseases such as cancer. During development, numerous primary miRNA transcripts are expressed but fail to be efficiently converted into the mature miRNA species (18) . Moreover, tumors exhibit globally reduced miRNA levels due, at least in part, to decreased miRNA processing. The molecular mechanisms that control the global efficiency of miRNA biogenesis under these conditions remain largely uncharacterized, although some pathways that regulate maturation of specific miRNAs have recently been elucidated. For example, the Lin-28 RNA-binding protein has been shown to associate directly with let-7 family members during early embryonic development, preventing Drosha-and Dicer-mediated cleavage (11) (12) (13) (14) (15) . Conversely, SMAD proteins recruit Droshacontaining complexes to miR-21 primary transcripts in vascular smooth muscle cells, enhancing processing (26) . Given the broad nature of miRNA accumulation during late stages of development and, as shown here, at high cell density, it is unlikely that these highly specific mechanisms contribute to regulation of miRNA biogenesis in these settings. Rather, it is more plausible that Drosha-containing complexes and/or RISC-loading complexes are altered, either through association with accessory factors or by posttranslational modification, to elicit a general increase in mature miRNA production. Although these mechanisms await molecular definition, we note that our observations provide a tractable in vitro system for biochemical analysis of miRNA processing complexes under conditions where global miRNA biogenesis is regulated.
Materials and Methods
Cell Culture. HeLa, NIH 3T3, HEK293, MiaPaCa-2, Hepa1-6, and human primary fibroblast (CRL-2091; ATCC) cell lines were grown in Dulbecco's modified Eagle's medium. MCF7 cells were grown in minimum essential medium. HCT116 and HCT116-Dicer ex5 cells were grown in McCoy's 5A medium. Ramos and K562 cells were grown in RPMI 1640 medium. All media for these cell lines was supplemented with 10% FBS. Drosophila S2R ϩ cells were grown in Schneider's Drosophila medium supplemented with 10% heat-inactivated FBS at room temperature. For measurements of miRNA abundance at various levels of confluency, media were replenished every day, and cell growth was monitored daily by counting. NIH 3T3 and HEK293 cells were grown on fibronectin-coated cultureware (BD Biosciences). Serum starvation experiments were performed by growing human primary fibroblasts in media containing 0.1% FBS for 48 -96 h and NIH 3T3 cells in media without FBS for 48 -72 h. To confirm cell-cycle arrest, cell-cycle profiles were analyzed after 48 h of serum starvation by propidium iodide (PI) staining in which cells were fixed in 70% ethanol overnight at Ϫ20°C and then stained in 1ϫ PBS containing 50 g/mL PI and 100 g/mL RNase A for 1 h at 4°C. DNA content was then measured by flow cytometry. For media conditioning experiments (Fig.  3C) , subconfluent HeLa cells were grown for 24 h in media transferred from dishes of subconfluent or confluent HeLa cells before isolation of RNA. For studying the effects of cell density on miRNA accumulation in suspension cells (Fig. 3D ), cells were seeded at various densities (K562: 0.5, 1, 2, and 4 ϫ 10 6 per milliliter; Ramos: 0.25 ϫ 10 6 per milliliter) and then allowed to grow for 24 h (K562) or 4 days (Ramos). Approximately 5 ϫ 10 6 Ramos cells were harvested from the culture at 24-h intervals. Cell density was determined by hand counting using a hemocytometer before harvesting.
miRNA Expression Profiling. Custom microarrays containing oligonucleotide probes complementary to 474 human miRNAs were synthesized by Combimatrix. Array hybridization was performed as described (28) . Signals Ͻ2 times the background level in both subconfluent and confluent cells were removed from analysis. Background-subtracted data are provided in Tables S1-S3.
Northern Blot Analysis. Northern blot analysis was performed as described (28, 29) by using Ultrahyb-Oligo buffer (Ambion) and oligonucleotide probes perfectly complementary to the mature miRNA sequences. All membranes were stripped and reprobed with appropriate loading controls (2S rRNA for Drosophila S2R ϩ cells and U6 snRNA or tRNA Lys for other cells).
Luciferase Assays. miR-15a and miR-143 luciferase reporter plasmids were constructed by ligating annealed oligonucleotides (sequences provided in Table S4 ) into the XbaI site of pGL3-control (Promega). Cloned sequences contained 2 perfectly complementary sites or 3 bulged sites with mismatches to nucleotide positions 9 -12 of the corresponding miRNAs. Twenty-four hours before transfection, HeLa cells were plated at 20,000 and 150,000 per well of a 24-well plate. miRNA reporter plasmid (100 ng) along with 50 ng of renilla luciferase control plasmid (phRL-SV40; Promega) were transfected by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Luciferase assays were performed 24 h after transfection by using the Dual Luciferase Reporter Assay System (Promega). Each transfected well was assayed in triplicate. Firefly luciferase activity was normalized to renilla luciferase activity for each transfected well. Values were further normalized to luciferase activity produced by pGL3-control lacking miRNA-binding sites to control for nonspecific effects of the confluent or subconfluent state on luciferase expression. Assays were repeated 3 independent times on different days with multiple independent plasmid preparations. Quantitative PCR. Total RNA was isolated by using TRIzol (Invitrogen) and further subjected to DNase I (Invitrogen) digestion. Reverse transcription was performed by using MMLV reverse transcriptase (Invitrogen) with random hexamer primers. Quantitative PCR was performed by using an ABI 7900 Sequence Detection System with the 2ϫ SYBR green PCR master mix (Applied Biosystems). Each pri-miRNA was measured in triplicate. U6 snRNA abundance was used to normalize all values. Primer sequences are provided in Table S4 or were previously described (18, 30) .
Western Blot Analysis. The following antibodies were used: rabbit polyclonal anti-TRBP (Abcam), rabbit polyclonal anti-Exportin 5 (Santa Cruz Biotechnology), rabbit polyclonal anti-DGCR8 (Proteintech Group Inc.), rabbit polyclonal anti-Drosha, mouse monoclonal anti-Ago family (Upstate Biotechnology), and mouse monoclonal anti-␣-tubulin (Calbiochem).
In Vitro Processing Assays. Construction of plasmids for production of in vitrotranscribed pri-miRNAs. Fragments of the primary transcripts (pri-miRNAs) encoding miR-17 and miR-21 consisting of Ϸ80 -150 bp of sequence flanking the miRNA hairpins were amplified from human genomic DNA and cloned into the XhoI (miR-17) or NheI (miR-21) sites of pcDNA3.1(ϩ) (Invitrogen). Primer sequences are provided in Table S4 . The pri-miR-26a-2 plasmid was constructed by subcloning the XhoI fragment containing the pri-miRNA from the previously described vector pMSCV-PIG-miR-26a-2 (28) into pcDNA3.1(ϩ). The pri-miR-29b-1 plasmid was previously described (29) . Sequences of all inserts were confirmed by direct sequencing. Extract preparation. HeLa cells were plated at 1,875,000 cells per 15-cm dish and were grown for 1 or 4 days to achieve desired confluence levels (60 -80% for subconfluent extracts, 100% for confluent extracts). To produce active extracts, 2 ϫ 10 7 cells were harvested by scraping. After 2 washes with cold 1ϫ PBS, cells were sonicated in buffer containing 20 mM Tris⅐HCl (pH 8.0), 100 mM KCl, and 0.2 mM EDTA and cleared by centrifugation. The total protein concentration of the extracts was determined by using the BCA assay (Thermo Scientific) and adjusted with lysis buffer if necessary to ensure equal total protein concentration between subconfluent and confluent extracts. In the cases where adjustment was needed, the confluent extracts always required dilution. Extracts were stored on ice, and assays were performed within 3 hours of cell lysis. Drosha processing assays. Drosha processing assays were performed following the protocol by Lee and Kim (31) . Radiolabeled pri-miRNAs were prepared by in vitro transcription of XbaI-linearized plasmids with [␣-32 P]UTP by using the MAXIscript kit (Ambion) followed by gel purification, phenol-chloroform extraction and ethanol precipitation. Processing reactions consisted of 15 L of cell extract, 3 L of 64 mM MgCl2, 2 L of radiolabeled pri-miRNA (Ϸ1 ϫ 10 5 cpm), 1 L of RNaseOUT (Invitrogen), and 9 L of DEPC water. Reactions were incubated at 37°C. At each time point, reactions were stopped by adding phenol-chloroform and vortexing vigorously. Mock reactions were performed exactly as described above except lysis buffer was added in lieu of cell extract. Dicer processing assays. Dicer processing assays were performed as above with the following modifications: The processing substrate consisted of an RNA oligo identical in sequence to human pre-miR-199b (obtained from Dharmacon; sequence provided in Table S4 ), which was end-labeled with [␥-32 P]ATP by using T4 polynucleotide kinase (New England Biolabs). Processing reactions consisted of 15 L of extract, 2 L of 64 mM MgCl2, 1 L of radiolabeled pre-miRNA (Ϸ1 ϫ 10 5 cpm), 1.5 L of RNaseOUT (Invitrogen), and 10.5 L of DEPC water. Analysis. All reactions were phenol-chloroform extracted and ethanol precipitated and then separated on a 12% denaturing polyacrylamide gel. Images were obtained by exposing the gel to a phosphor screen overnight. Image acquisition and analysis were performed by using Quantity One software (Bio-Rad).
RISC Formation Analysis.
To investigate effects of cell density on RISC formation (Fig. 4C) , 2 ϫ 10 6 HeLa cells were plated per 10-cm dish in media containing no antibiotics. The next day, cells were transfected with 10 nM pre-miR-1 oligo or Luc siRNA (obtained from Dharmacon; sequences provided in Table S4 ) alone or with 8 g of Flag/HA-tagged human Ago1 or Ago2 (32) . Transfection was performed by using Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. The next day, transfected cells were pooled and replated at the desired confluence levels (ensuring that the transfection efficiency was the same for both confluent and subconfluent conditions). HeLa cells (4.8 ϫ 10 6 or 1.8 ϫ 10 6 ) were plated respectively per 10-cm dish or 6-cm dish for the confluent group (95Ϸ100% confluent the next day) whereas 0.6 ϫ 10 6 cells were plated per 10-cm dish for the subconfluent group (50Ϸ60% confluent the next day).
Twenty-four hours after replating, cells were counted, washed with cold 1ϫ PBS twice, collected by scraping, and then lysed in buffer containing 50 mM Tris⅐HCl (pH 7.5), 150 mM NaCl, 2 mM MgCl 2, 2 mM CaCl2, 1 mM DTT, 0.5% Nonidet-40, and complete mini EDTA-free protease inhibitor mixture (Roche Applied Science). For each group, the lysate was made from 5 to 8 ϫ 10 6 cells. The lysate was incubated on ice for 10 min with occasional mixing to complete lysis and then centrifuged at 12,000 ϫ g for 10 min at 4°C to remove nuclear pellets. After centrifugation, the lysates were rotated with 4 -6 g of anti-HA mouse monoclonal antibody (Covance) for 1 h at 4°C. Immunoprecipitation of Flag/HAtagged human Ago1 and Ago2 was performed by rotating the lysates for additional 3 h at 4°C after adding 100 L of a 50% slurry of protein G-agarose beads (Roche Applied Science). The beads were harvested by centrifugation and washed 6 times in lysis buffer. Eighty percent of the beads were resuspended in 1 mL of TRIzol for RNA isolation and 20% of the beads were resuspended in 20 L of 2ϫ complete Laemmli buffer for protein analysis.
Concurrently, stability of mature miR-1 at confluent and subconfluent states was assayed by harvesting confluent and subconfluent HeLa cells at various time points beginning 24 h after replating. For each time point, cytoplasmic lysates from 1 6-cm dish of confluent and 2 10-cm dishes of subconfluent HeLa cells were prepared as above. The lysates were then added to 1-2 mL of TRIzol for RNA isolation. Table S1   Table S2   Table S3   Table S4 Fig . S6 . Decay of miR-1 occurs at similar rates in subconfluent and confluent HeLa cells. HeLa cells were transfected with pre-miR-1 and plated at subconfluent (Sub) or confluent (Con) densities. Northern blotting was used to assess mature miR-1 abundance at the indicated time points. tRNA lys served as a loading control.
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